Bacterial colonization and biofilm formation on orthopedic implants is one of the worst scenarios in orthopedic surgery, in terms of both patient prognosis and healthcare costs. Tailoring the surfaces of implants at the nanoscale to actively promote bone bonding while avoiding bacterial colonization represents an interesting challenge to achieving better clinical outcomes. Herein, a Ti6Al4V alloy of medical grade has been coated with Ti nanostructures employing the glancing angle deposition technique by magnetron sputtering. The resulting surfaces have a high density of nanocolumnar structures, which exhibit strongly impaired bacterial adhesion that inhibits biofilm formation, while osteoblasts exhibit good cell response with similar behavior to the initial substrates. These results are discussed on the basis of a ''lotus leaf effect'' induced by the surface nanostructures and the different sizes and biological characteristics of osteoblasts and Staphylococcus aureus.
Introduction
Orthopedic prosthetic implants save and/or improve the quality of life of millions of patients every year [1] . On the basis of their excellent biocompatibility and good mechanical properties, some metallic alloys are generally employed to manufacture devices such as join prostheses, fracture fixation elements and external fixators. One of the most serious complications of prosthetic devices, in terms of morbidity, mortality and medical costs, is the incidence of infection [2] . Even though its occurrence has significantly diminished thanks to clinical staff training, control of sterility and protocols of antibiotic prophylaxis, a marginal risk as low as 0.5-5% (for total join arthroplasty) implies that thousands of prostheses and other orthopedic devices are infected every year [3, 4] -an issue of increasing relevance, due to the larger number of patients who undergo prosthetic joint surgery today.
Most of the infections in metallic orthopedic implants are caused by staphylococci [5] . Among them, Staphylococcus aureus and S. epidermidis are the two most active species on metallic biomaterials, e.g. stainless steel, CrCo, Ti and Ti alloys [6, 7] . In this regard, it is well known that, once bacteria attach to the implant surface, a biofilm is formed that provides antibiotic resistance, becoming the main pathogenic factor for chronic infections [8] [9] [10] . In fact, one of the milestones in this research field consists in the development of implant surfaces that diminish the bacterial adherence and the formation of the biofilm. Campoccia et al. [11] have reviewed different technologies aimed at developing infection-resistant surfaces, and other reports indicate that the use of nanostructured surfaces with inhibited bacterial adhesion could represent a challenging alternative to antibiotics [12] [13] [14] . Several research groups have demonstrated that nanostructured biomaterials may improve the response of osteoblasts [15] [16] [17] , and Anselme et al. have highlighted [18] that the development of surfaces with simultaneous opposite responses towards osteoblasts and bacterial proliferation would represent a significant achievement in orthopedic implantology. In the liter- manufacture of orthopedic devices [19, 20] with the exception of Ref. [21] , which focuses on commercially pure Ti for dental applications. The idea of tailoring surfaces with customized and selective responses towards specific cell types was also suggested by Decuzzi and Ferrari [22] . They proposed a mathematical model that indicated the key role of the surface nanotopography in the stimulation of osteoblast-like cells while reducing bacterial adhesion and proliferation. In a recent publication, the antibacterial activity of nanostructured titanium surfaces fabricated on silicon wafers has been reported [23] , showing that these were active against Gram-negative Escherichia coli but inefficient against Gram-positive S. aureus. As stated by the authors, these coatings ''are not meaningful in the orthopedic field, in which a very large proportion of all implant-related infections are caused by staphylococci''. Overall, and regarding the state of the art in the area of orthopedic implants, a significant advance in the development of infection-resistant coating (prior to an in vivo analysis) should comprise the following features: (i) it must be tested on substrates made of medical grade biomaterials; (ii) it should not diminish the adhesion and proliferation of human osteoblasts; (iii) it should exhibit antibacterial behavior against the most pathogenic bacteria in orthopedic-related infections, and in particular it should avoid the formation of the biofilm; and (iv) it should present antibacterial properties with respect not only to collection strains but also to clinical ones, i.e. those isolated from patients with infection, since their behavior can be different.
Herein, we report the preparation of nanocolumnar patterned surfaces made of titanium by means of the so-called glancing angle deposition technique by magnetron sputtering (MS-GLAD). MS-GLAD is a powerful technique for producing nanostructured coatings in large areas and with a large variety of morphologies [24, 25] . It is based on exploiting atomic shadowing effects during physical vapor deposition under high vacuum conditions. MS-GLAD is widely employed in microelectronics as well as in other fields of nanotechnology, both in research and in industrial massproduction facilities, due to the high growth rate of the obtained coatings, the possibility of working on large areas at room temperature and its versatility in fine-tuning atomistic self-assembly processes on surfaces [26] . We have recently studied MS-GLAD in detail [24, 27] , and we have demonstrated that the main processes responsible for the formation of the nanostructures are the atomic self-shadowing mechanism at the surface and the collisional processes of the sputtered atoms in the plasma phase, mediated by the tilt angle of the substrate and the value of the argon background pressure.
Our ultimate aim is to prepare nanocolumnar coatings made of Ti on typical orthopedic device material (Ti6Al4V) that preserve the biocompatibility towards osteoblast while the S. aureus adherence dramatically falls. Furthermore, the formation of a biofilm of such bacteria should be inhibited, which is a key factor in preventing the infection of a prosthesis. To our knowledge, this is the first experimental demonstration of a nanostructured coating on medical grade Ti6Al4V exhibiting compatibility towards osteoblast adhesion and proliferation whilst reducing S. aureus adhesion, proliferation and biofilm formation.
Materials and methods

Fabrication of the nanostructured coating
Medical grade Ti6Al4V substrates of 12 mm diameter and 2 mm thickness (Biomet Spain Orthopedic S.L.) were mechanically polished to a mirror finish by a sequence of diamond pastes until colloidal silica (0.25 lm) finishing. Such disks were used as substrates to be coated with titanium nanocolumns by MS-GLAD. For this purpose, a Ti vapor flux was produced by the magnetron sputtering technique employing a 5 cm diameter Ti target, with argon as the sputter gas. The substrates were placed 22 cm away from the target and tilted 80°with respect to its normal. The base pressure of the chamber was in the mid-10 À9 mbar range, whereas the deposition was carried out at a pressure of 1.5 Â 10 À3 mbar, employing a DC electromagnetic power generator set at 300 W. Under these conditions, the deposition rate was 0.3 Å s À1 and the substrate temperature was always below 330 K during the growth of the nanostructured coating. Only one surface of the disks was coated. The coated Ti6Al4V substrates are hereinafter referred to as Nano-Ti6Al4V. For comparison purposes, uncoated substrates of the same medical grade Ti6Al4V were included in all the experiments.
Material surface characterization
Powder X-ray diffraction (XRD) patterns were recorded with a Philips Model X'Pert diffractometer using Cu K a radiation (wavelength 1.5406 Å). They were collected in the 2h range of 20-80°, with a step size of 0.02°and a counting time of 0.5 s per step. In order to collect information preferentially from the disk surface, the grazing incidence diffraction method was applied using a grazing angle x of 0.5°. In this method, the stationary incident beam makes a very small angle with the sample surface (typically 0.3-3°), which increases the path length of the X-ray beam through the coating. This helps to increase the diffracted intensity while at the same time reducing the diffracted intensity from the substrate, so the conventional phase identification analysis can be run. Fourier transform infrared (FTIR) spectra were collected with a Thermo Nicolet Nexus spectrometer (Thermo Scientific, USA) equipped with a Goldengate attenuated total reflectance (ATR) device. The contact angles were measured to estimate the wettability of the samples. The experiments were performed by the sessile drop method at 25°C on a CAM 200 KSV contact angle goniometer. Pictures of the drops were taken every 1 s. The software delivered by the instrument manufacturer calculated the contact angles on the basis of a numerical solution of the full Young-Laplace equation.
Atomic force microscopy (AFM) measurements were performed using a Dimension Icon microscope from Bruker operating in noncontact mode. The probes were model TESP-SS, with a resonance frequency of around 300 kHz, a spring constant about 40 N m À1 and a sharp spike tip at the end with a 2 nm nominal radius. The root mean square (RMS) roughness was measured in a 2 Â 2 lm 2 area.
In vitro osteoblast cell cultures
Before in vitro assays of osteoblast cells, all samples were sterilized by dried heat at 150°C for 12 h. Due to the presence of a TiO 2 phase on the surface of the samples when exposed to air, we intentionally avoided the use of ultraviolet light throughout the whole analysis of the samples to avoid any photoactive response of the layers [28] . The human osteoblast-like (HOS) cell line, obtained through the European Collection of Cell Cultures denoted HOS (ECACC, No. 87070202), was used. The cells were cultured in a complete medium consisting of Dulbecco's modified Eagle's medium (Sigma Chemical Co., St. Louis, USA) supplemented with 2 mM L-glutamine (Gibco, Invitrogen Corporation, USA), 100 U ml À1 penicillin (Life Technologies Ltd., UK), 100 g ml À1 streptomycin (Life Technologies Ltd.) and 10% fetal bovine serum (Gibco, Invitrogen Corporation, USA) at 37°C in a humidified atmosphere of 95% air and 5% CO 2 . Osteoblast-like cells were routinely subcultured by trypsinization. Then HOS cells were seeded onto the different samples previously placed into 24-well culture plates at a seeding density of 2.5 Â 10 5 cells per ml in the complete medium under a CO 2 (5%) atmosphere at 37°C for different time periods for each in vitro assay.
Cell adhesion assay
For cell attachment experiments, samples were incubated under standard culture conditions for 90 min. The samples were then washed three times in phosphate-buffered saline (PBS; Sigma-Aldrich Life Science), after which the cells attached to the different surfaces were unattached by trypsin treatment for 10 min. The cells were centrifuged, resuspended in PBS and counted in a Neubauer chamber. Data are expressed as means ± standard deviations of three experiments. Tissue culture plastic was used as a control.
Cell-spreading assays
The attached cells were rinsed three times in PBS and fixed with 2.5% glutaraldehyde (50 wt.%; Sigma-Aldrich, USA) in PBS for 45 min. Sample dehydration was performed by slow water replacement, using a series of ethanol solutions (30, 50, 70 and 90%) for 30 min, with a final dehydration in absolute ethanol for 60 min, allowing samples to dry at room temperature and in a vacuum. Thereafter, the samples were mounted on stubs and gold coated in a vacuum using a sputter coater (Balzers SCD 004, Liechtenstein) and visualized by scanning electron microscopy (SEM) using a field emission JEOL JSM-6335F microscope (Tokyo, Japan) at an acceleration voltage of 10 kV.
Cell mitochondrial activity
Cell proliferation was determined in terms of cell mitochondrial activity. For this purpose, HOS cells were seeded onto the material surface in 24-well plates at a density of 10 5 cells per ml in the complete medium and incubated under standard conditions. Cell proliferation determinations were performed using the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; SigmaAldrich, USA) assay at different time periods after seeding. Tissue culture plastic was used as control.
Statistics of the biocompatibility assays
Data are expressed as means ± standard deviations of three experiments. Statistical analysis was performed using the Statistical Package for the Social Sciences (SPSS), version 11.5 software. Statistical comparisons were made by analysis of variance. Scheffé's test was used for post hoc evaluations of differences among groups. In all statistical evaluations, p < 0.05 was considered to be statistically significant.
Bacteria in vitro tests
Bacterial adhesion test
Prior to the bacterial adhesion tests, Ti6Al4V and Nano-Ti6Al4V samples were sterilized by dried heat at 150°C for 12 h. The bacterial adhesion studies were performed on different Ti6Al4V surfaces using the S. aureus 15981 laboratory strain and six clinical strains identified as P1, P2, P4, P18, P61T3 and P95. The clinical strains were isolated, using a sonication procedure, from patients who had an orthopedic implant-related infection. For the adhesion experiments, bacteria were inoculated in tryptic soy broth (TSB; BioMerieux, Marcy L'Etoile, France) and incubated overnight at 37°C with 5% CO 2 . After culture, bacteria were centrifuged for 10 min at 3500g at 22°C. The supernatant was then discarded and the pellet was washed three times with sterile PBS. The bacteria were then suspended and diluted in PBS to obtain a concentration of 10 8 colony-forming units per ml; the bacterial concentration was determined by spectrophotometry using a visible spectrophotometer (Genesys 20, Thermo Scientific). Different specimens of Ti6Al4V were inoculated with the bacterial solutions for 90 min to allow adhesion in a static model. The samples were then washed three times with PBS to remove any unattached bacteria. Finally, they were stained for 15 min with a Live/ Dead Ò Bacterial Viability Kit (BacklightTM). Staining was performed with a mixture of dyes: SYTO 9 (live bacteria/green) and propidium iodide (dead bacteria/red). SYTO 9 fluorescence was excited at 480/500 nm, with the emitted fluorescence measured at 500 nm, and propidium iodide fluorescence was excited at 490/635 nm, with the emitted fluorescence measured at 618 nm [28] . Eight photographs (40Â magnification) were taken of each sample using an ultraviolet microscope. The surface area covered with adhered bacteria was calculated using ImageJ software (National Institute of Health, Bethesda, MD). The experiments were performed in triplicate for each strain.
Confocal microscopy
Confocal microscopy studies were carried out with a Biorad MC1025 confocal laser scanning microscope. The different specimens were stained with BacklightTM dye, as previously described.
Biofilm formation test
Both surfaces were suspended in a bacterial solution of S. aureus strain (10 8 bacteria ml À1 ) and incubated for 24 h in a 66% TSB + 0.2% glucose medium to promote robust biofilm formation (20 g l À1 of Difco Bacto tryptic soy broth, Becton Dickinson, Sparks, MD). After 24 h, both surfaces were washed three times with sterile PBS, stained with 3 ll of Syto-9/propidium iodide mixture, incubated for 15 min and washed with PBS.
To specifically determine the biofilm formation, we used calcofluor, a fluorescent dye that has been used to stain the extracellular matrix of biofilms. In this case, 1 ml of calcofluor solution (5 mg ml
À1
) was inoculated after the addition of the Syto-9/propidium iodide mixture and was incubated for 15 min at room temperature. Biofilm formation was examined using a LEICA SP2 Confocal Laser Scanning Microscope. Confocal 3-D image reconstruction was carried out from 45 Z stacks in an Olympus FV1200 confocal microscope.
Statistics for bacterial studies
The results obtained were presented, comparing the mean percentage of covered biomaterial surface for the untreated and sputtered specimens, respectively, using EPI-INFO software version 3.5.1 (CDC, Atlanta, GA). To carry out the statistical study, nonparametric tests were performed.
Results and discussion
The SEM micrographs in Fig. 1 show the different surface features between Ti6Al4V (Fig. 1a) and Nano-Ti6Al4V (Fig. 1b) . After MS-GLAD, the Nano-Ti6Al4V substrate appears fully coated, with patterns on the nanoscale. The nanotopography of the analyzed coatings consists of almost vertically aligned nanocolumns with lengths between 250 and 350 nm and diameters between 40 and 60 nm, separated (from center to center) by 100-200 nm ( Fig. 1c  and d) . In this way, the coating fully covers the Ti6Al4V material, with numerous nanofeatures per unit area. It has been described that this kind of dense, highly packed nanotopography, together with the separation between nanofeatures, can lead to a significant decrease in wettability due to a ''lotus leaf effect'' on the material surface [29] [30] [31] . In order to estimate the wettability of the samples, contact angles measurements were carried out. Despite the fact that the measured contact angle does not classify Nano-Ti6Al4V as superhydrophobic, the wettability of the Ti6Al4V substrate dramatically decreases after being coated with the Ti nanocolumns ( Fig. 1e and f) . The contact angle for the initial Ti6Al4V substrate is 56°, whilst that of Nano-Ti6Al4V is 102°. Fig. 2 shows the grazing incidence XRD patterns for Ti6Al4V and Nano-Ti6Al4V. The maxima for Ti6Al4V alloy can be assigned to the hexagonal a-Ti phase (the major phase in Ti6Al4V alloys), with space group P63/mmc. However, the pattern corresponding to Nano-Ti6Al4V also shows diffraction maxima that can be assigned to TiO 2 rutile phase, with space group P42/mm. These results indicate the presence of crystalline TiO 2 rutile on the Nano-Ti6Al4V samples. This oxide layer is formed when exposing the material to the atmosphere, which induces the oxidation of the first atomic monolayers, as evidenced by the TiO 2 maxima found in the XRD pattern.
ATR-FTIR spectroscopy results are shown in Fig. 3 . FTIR spectra obtained by means of the ATR method mainly collect information from the sample surfaces. The spectra collected for Ti6Al4V show absorption bands between 2550 and 3550 cm
À1
. This wide interval of vibrations corresponds to the stretching vibration of O-H bonds in different situations at the alloy surface, i.e. isolated Ti-OH groups, undergoing intermolecular forces, polymeric units, adsorbed water, etc. [32] . The bands at 1200 and 1083 cm À1 correspond to the phonon mode vibration of Al 2 O 3 [33] (commonly present in Ti6Al4V alloys). Finally, the band at 916 cm À1 can be assigned to the Ti-O-Ti vibrational mode, thus indicating the presence of a thin titanium oxide layer on the substrate, commonly present in these alloys as consequence of dry passivation.
The FTIR spectrum for Nano-Ti6Al4V shows similar absorption bands. However, there are significant differences in the width of the frequency interval. For instance, the band assigned to the O-H stretching vibration is centered in a lower frequency interval between 2900 and 2600 cm
. This indicates that hydroxyls groups with the lower O-H energy bond predominate at the surface of Nano-Ti6Al4V, which is indicative of electron charge transference due to hydrogen bonding between neighboring hydroxyl groups. The vibrational modes of Ti-O-Ti appear in a wide interval of frequencies from 950 to 500 cm À1 , which is indicative of different states of the TiO 2 layer being present on the Nano-Ti6Al4V surface. The phonon mode vibration of Al 2 O 3 does not appear in the FTIR spectra for Nano-Ti6Al4V. The FTIR spectra of Nano-Ti6Al4V collected by ATR indicate a more ordered arrangement of Ti-OH groups, where OH groups would be close enough to form hydrogen bonds, as deduced from the prevalence of the stretching O-H signals at lower frequencies. In contrast, FTIR spectra obtained for Fig. 4 . AFM images of Ti6Al4V (a) and Nano-Ti6Al4V (b), the color scale for the height being Z max = 46 nm and Z max = 380 nm for Ti6Al4V and Nano-Ti6Al4V, respectively. Ti6Al4V indicate a more disordered arrangement of the Ti-OH groups. Both XRD and FTIR results indicate the formation of crystalline rutile over the nanocolumn topography, whereas the TiO 2 layer formed over polished substrates seems to be a non-ordered phase.
AFM measurements were performed to characterize the nanotopography of the Ti6Al4V substrates (Fig. 4a) and the NanoTi6Al4V samples (Fig. 4b) . The Ti6Al4V substrates exhibit several scratches, due to the mechanical polishing, and the RMS roughness of the whole 2 Â 2 lm 2 area is about 3 nm. After the growth of the coating by magnetron sputtering, the surface of Nano-Ti6Al4V is homogeneously coated with Ti nanocolumns, as can be clearly seen in Fig. 4b . The measured RMS roughness is 57 nm in this case, although this value must be understood as an underestimation, since the AFM tip could not penetrate down to the very bottom of some inter-columnar spaces due to their high aspect ratio.
Once both Ti6Al4V and Nano-Ti6Al4V surfaces had been characterized, we proceeded to evaluate the in vitro biocompatibility by culturing the HOS cell line on them. The initial (90 min) osteoblast adhesion (Fig. 5a) does not show significant differences between the medical grade Ti6Al4V substrate, the Nano-Ti6Al4V sample and the control. Also, the mitochondrial activities of HOS are almost identical for Ti6Al4V and Nano-Ti6Al4V, and do not show any significant difference after 3 days of culture (Fig. 5b) . The observation of the surfaces by SEM after 1 day of culture (Fig. 5c-f) confirmed that Nano-Ti6Al4V behaves as well as medical grade Ti6Al4V with respect to human osteoblasts. The surfaces in both cases appear fully covered by cells, exhibiting good adhesion, proliferation and degree of extension. Higher magnification images ( Fig. 5d and f) show the anchoring elements spread by the cells. In the case of Nano-Ti6Al4V, Fig. 5f shows the details of a broken cell, which allows the Ti nanocolumns remaining below the osteoblast layer to be observed.
Once the biocompatibility of the Nano-Ti6Al4V had been assessed, we studied the behavior of the Ti nanocolumns when exposed to S. aureus: not only to the collection strain 15981, but also to the six clinical strains, P1, P2, P4, P18, P61T3 and P95, isolated from different patients [34] . The antibacterial effect of the Nano-Ti6Al4V surfaces was observed by means of bacterial adhesion experiments and compared with those on medical grade Ti6Al4V substrates. Nano-Ti6Al4V exhibits a notable decrease in S. aureus adhesion for both the collection and clinical strains, although an interstrain variability exists (Fig. 6 ). The adhesion of strain 15981 S. aureus observed on the Nano-Ti6Al4V surface shows a significant decrease (p < 0.001, Kruskal-Wallis test) of around 70% with respect to the untreated Ti6Al4V surfaces. Furthermore, for the six clinical strains, which exhibit different degrees of initial bacterial adhesion, a significant decrease (p < 0.001, Kruskal-Wallis test) in the percentage of covered surface is also observed, reducing by $68, 71, 69, 80, 66 and 44% for the P1, P2, P4, P18, P95 and P61T3 strains, respectively.
Concerning biofilm formation, our initial observations by SEM after 24 h of culture showed that S. aureus 15981 developed an extracellular matrix that coated the Ti6Al4V substrates (Fig. 7) . In contrast, the surface of Nano-Ti6Al4V appeared free of extracellular matrix. This observation impelled us to carry out appropriated studies for biofilm formation assessment. With this purpose in mind, we performed confocal microscopy to characterize the sequential biofilm formation after different times period using Syto-9/propidium iodide dyes, which label live and dead bacteria in green and red, respectively (Fig. 8a) . In agreement with the previous SEM results, the presence of a few scattered bacteria on the Nano-Ti6Al4V surface is noted, as well as the absence of biofilm after 24 h of incubation. The thickness of the biological material attached to both surfaces was determined by analyzing eight different areas of each piece by confocal microscopy. The measured thickness was 21.8 ± 3.3 lm for the Ti6Al4V substrate (n = 8; p < 0.001, Kruskal-Wallis test), whilst the statistical software gave 4.8 ± 7.8 lm for Nano-Ti6AlV, an invalid value that means that there is only scattered bacteria on the surface, i.e. no biofilm is formed in this case. These measurements, together with the confocal microscopy images, clearly show a compact biofilm layer cover- Fig. 6 . Bacterial adhesion tests carried out by inoculation of S. aureus 15981col-lection strain and several clinical strains onto Ti6Al4V and Nano-Ti6Al4V surfaces. ⁄ Significant differences, p < 0.001, Kruskal-Wallis test. Fig. 7 . SEM micrographs of Ti6Al4V (left) and Nano-Ti6Al4V (right) samples after 24 h of culture with S. aureus. The micrographs show the formation of a biofilm on the Ti6Al4V, whereas nanoroughness is still visible on the Nano-Ti6Al4V. In the Ti6Al4V, bacteria covered by extracellular matrix (arrow), which is an essential part of a biofilm, are observed. In the Nano-Ti6Al4V sample, only bacterial cells without the production of extracellular matrix are observed (arrow).
ing the entire non-modified surface of Ti6Al4V and scattered bacterial adhesion on the nanostructured Nano-Ti6Al4V surface.
To further analyze these findings, we decided to carry out additional confocal microscopy experiments employing both Syto-9/ propidium iodide (to distinguish live and dead bacteria) and calcofluor fluorescent stains (to stain the extracellular matrix of biofilms). Fig. 8b shows the confocal 3-D images corresponding to biofilm formation after 24 h of incubation. Non-coated Ti6Al4V substrates clearly show biofilm formation by the blue staining of typical extracellular matrix covering the bacterial colonies. In contrast, blue staining is absent in Nano-Ti6Al4V, as can be observed in Fig. 8c .
The selective behavior acquired by the Nano-Ti6AlV biomedical alloy can be explained taking into account the morphology of the sample surface at the nanoscale, the cell characteristics and surface chemistry modifications. In general, the cellular response to topographical features on metallic materials is cell-type dependent [35] . Typical osteoblast sizes range between 10 and 50 lm, and the osteoblasts possess a flexible cell membrane that allows them to adapt to different nanotopographies. Moreover, a necessary condition for them to adhere to a surface is the adsorption of integrins, a mechanism that is diminished on materials with chemical hydrophobic surfaces. In the light of our results, and the excellent adhesion of osteoblasts onto both Ti6Al4V and Nano-Ti6Al4V, it seems that osteoblasts exhibit little sensitivity to the topological features of the studied surfaces. Although a clear conclusion on this issue is far beyond the scope of this paper, our results suggest that the morphologically induced hydrophobicity of the Nano-Ti6Al4V does not prevent integrins from being absorbed by the surface, allowing the formation of complexes known as focal contacts, which attach the osteoblasts to the surface [18, 36, 37] . After this adhesion, the osteoblasts develop filopodia and lamellipodia to probe the environment, anchoring and moving, as well as allowing the biointegration of the material. In this regard, some studies in the literature have demonstrated that a corrugated topography with surface nanofeatures (grooves ridges, pits, etc.) separated by distances of the order of micrometers can influence cell adhesion [38] [39] [40] [41] . In our case, the high density of nanocolumns and the very short distance between them (about 100 nm) seems to be undetectable by such large cells as osteoblasts, and these nanostructured surfaces would appear to be almost smooth with regard to their anchoring elements, as can be observed in Fig. 1b . In contrast, staphylococci are about 1 lm in diameter, and their cell walls are much more rigid than eukaryotic cells. In general, bacteria have a characteristic shape, and are not very deformable. Due to their smaller size, bacteria are sensitive to the nanotopography and to the nanocolumns. In fact, as was previously pointed out by Mitik-Dineva et al. [42] , our study shows that bacteria are susceptible to nanoscale surface roughness. Specifically, the high density of nanocolumns seems to force S. aureus to attach to Nano-Ti6Al4V samples through a limited number of anchoring points at the top of the nanocolumns (about 20-30 nanocolumns, as can be estimated from Fig. 1c) , thus reducing the area available for bacterial attachment. Together with the lotus leaf effect exhibited by these nanosurfaces, the adhesion of S. aureus onto Nano-Ti6Al4V is strongly impeded. Although the chemical properties of biofilms may vary depending upon the microbial species, the adhesion of bacteria (both specific and unspecific) is a mandatory stage in biofilm formation. In this sense, the physico-chemical interaction between surface and bacteria plays a fundamental role in the adhesion stage [43] . Our findings indicate that the nanocolumns prepared by MS-GLAD exert a very important influence on biofilm inhibition by acting on the unspecific stage of bacterial growth.
Conclusion
Titanium nanocolumnar coatings provide new perspectives for manufacturing Ti6Al4V-based implants for bone tissue repair, as they demonstrate the possibility of manufacturing drug-free surfaces that simultaneously exhibit opposing responses to osteoblasts and S. aureus.
